Three SNARE proteins, SNAP-25, syntaxin 1A, and VAMP2 or synaptobrevin 2, constitute the minimal functional machinery needed for the regulated secretion of neurotransmitters. Dynamic changes in the regulated release of neurotransmitters are associated with the induction of long-term plasticity at central synapses. In-vitro studies have validated the C-terminus of SNAP-25 as a target for inhibitory G i/o -coupled G-protein coupled receptors at a number of synapses. The physiological consequences of the interaction between G i/o proteins and SNAP-25 in the context of activity-dependent long-term synaptic plasticity are not well understood. Here, we report direct ex-vivo evidence of the involvement of the C-terminus of SNAP-25 in inducing long-term potentiation of synaptic strength at Schaffer collateral-CA1 synapses using a genetargeted mouse model with truncated C-terminus (carboxyl terminus) of SNAP-25. It has been shown previously that truncation of the three extreme C-terminal residues in SNAP-25Δ3 homozygote mice reduces its interaction with the inhibitory Gβγ subunits two-fold. In in-vitro hippocampal slices, we show that these SNAP-25Δ3 mice express significantly larger magnitude of long-term potentiation at hippocampal Schaffer collateral-CA1 synapses. NeuroReport 30:695-699
Introduction
SNAP-25 is a member of the cognate neuronal SNARE proteins which contributes two of four α-helices to the formation of the core trimeric SNARE complex, the other members being syntaxin 1A and synaptobrevin 2/ VAMP2, each of which contributes one α-helix [1, 2] . Syntaxin 1A and VAMP2 are anchored to the membranes through their C-terminal transmembrane domain, but SNAP-25 is anchored to the presynaptic membrane through post-translational palmitoylation [3] . Formation of the SNARE core complex precedes the release of neurotransmitters and hence constitutes an essential event in chemical synaptic transmission. Dynamic changes in the rate of release of neurotransmitters alter synaptic efficacy and frequency characteristics of central synapses. Studies have reported that SNAP-25 is essential for evoked vesicular neurotransmitter release [4] , and impairments in short-term plasticity have been reported with reduced levels of SNAP-25 [5] , PKC mediated phosphorylation of SNAP-25, and that the immature isoform of SNAP-25, SNAP-25a, can only support reduced short-term [6] and long-term [7] plasticity at Schaffer collateral-CA1 synapses in the hippocampus. An essential role of SNAP-25 in regulating neuronal exocytosis is well established, but the regulatory mechanisms which alter its participation in this process and consequentially affect the activity-dependent long-term plastic properties of the neuronal circuits are less well understood.
An important presynaptic inhibitory mechanism involves the activation of G i/o -coupled G-protein coupled receptors, which leads to the release of Gβγ subunits which interact with both the core trimeric SNARE complex, as well as individual SNARE proteins, to inhibit exocytosis [8] . In-vitro studies have identified the C-terminus of SNAP-25 as one binding target for Gβγ [9] . Gβγ subunits compete with synaptotagmin 1 for binding sites on SNAP-25 located within assembled SNARE complexes in a Ca 2 + -dependent manner, preventing SNARE complex-mediated release. To address the importance of interaction of Gβγ subunits with the C-terminus of SNAP-25 to the induction and maintenance of activitydependent long-term synaptic plasticity, we have utilized a recently developed gene-targeted mouse model, SNAP-25Δ3, which expresses a form of SNAP-25 lacking the C-terminus three amino acids (Gly204, Ser205, Gly206) with the G204* mutation that chronically disrupts the interaction of Gβγ with SNAP-25 [10] . It has previously been confirmed that this truncated C-terminal Cellular, molecular and developmental neuroscience 695 form of SNAP-25 exhibits a two-fold reduction in binding to Gβγ and that this reduces presynaptic inhibition mediated by Gβγ [11] .
SNAP-25 and Gβγ are present at the postsynaptic loci as well, where they have been suggested to modulate different aspects of synaptic transmission. Postsynaptic roles of SNAP-25 include dendritic spine morphogenesis, structural remodeling and cell surface expression of NMDA receptors [12, 13] , functions that are associated with synaptic maturation. Gβγ subunits activate postsynaptic inwardly rectifying K + (GIRK) channels, leading to hyperpolarization, thus modulating neuronal excitability [14] . Thus, modulation of the Gβγ-SNARE pathway by G i/o -coupled G-protein coupled receptors could potentially mediate both presynaptic and postsynaptic changes affecting synaptic transmission and activity-dependent synaptic plasticity.
Phenotypic characterization of SNAP-25Δ3 homozygous mice revealed altered supraspinal nociception, elevated stress-induced anxiety levels, stress-induced hyperthermia related to the loss of adrenergic α 2a receptor function, and altered gait and motor coordination [10] . Electrophysiological field recordings revealed reduced 5-HT 1b -mediated inhibition of exocytosis at hippocampal CA1 synapses, but no change in GABA B -mediated inhibition of neurotransmission, which is not Gβγ-mediated. SNAP-25Δ3 homozygous mice also exhibited significant cognitive deficits in the hippocampusdependent Morris water maze behavioral task compared to the wild-type littermates. To determine whether these cognitive changes are associated with alterations in activitydependent long-term synaptic plasticity, we tested whether long-term potentiation (LTP) of synaptic transmission is altered at hippocampal Schaffer collateral-CA1 synapses in these SNAP-25Δ3 homozygous mice.
Materials and methods

Animals
SNAP-25Δ3 mutant mice were generated in the laboratory of Dr Heidi Hamm at Vanderbilt University [10] . SNAP-25Δ3 homozygous mice and age-matched wild-type littermates were produced from mating of heterozygous gene-targeted C57BL6/J wild-type mice. They were genotyped by PCR using previously published methods [10] . A colony was maintained in the AALAC-accredited animal facility of New York Medical College in accordance with AALAC standards and applicable guidelines, as approved by the Institutional Animal Care and Use Committee (ethical permit #11-12-0315) of New York Medical College Valhalla, New York, USA.
Slice electrophysiology
SNAP-25Δ3 and wildtype mice were deeply anesthetized with isoflurane and decapitated. Brains were removed rapidly, the cerebellar hind-brain and prefrontal cortices were removed, and the brain was hemisected and immersed in a chilled sucrose-based cutting solution containing 87 mM NaCl, 25 mM NaHCO 3 , 25 mM glucose, 75 mM sucrose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 and 7 mM MgCl 2 (continuously equilibrated with 95% O 2 -5% CO 2 gas mixture). Individual brain lobes were fixed to a stage, with the frontal part of the brain touching the stage, with cyanoacrylate adhesive, and 400 µm thick coronal sections were cut with a Leica model VT 1200 S (Leica Biosystems, Buffalo Grove, Illinois, USA) vibratome. Slices were incubated in the same cutting solution for ∼ 20 min at 32°C, and then transferred to normal artificial cerebrospinal fluid (ACSF) containing: 126 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 1.5 mM MgCl 2 , 2.5 mM CaCl 2 , 26 mM NaHCO 3 , 10 mM glucose and continuously bubbled with 95%O 2 -5%CO 2 . Slices were allowed to recover for 1 h at room temperature in ACSF before transfer to an interface recording chamber perfused continuously with oxygenated ACSF at 3 ml/min at 32 0.5°C. Schaffer collateral-evoked extracellular field excitatory postsynaptic potentials (fEPSP) were recorded using standard methods, with a bipolar stainless steel stimulating electrode (FHC, Bowdoin, Maine, USA) placed on Schaffer collateral-commissural fibers in CA3 stratum radiatum, and a glass patch recording electrode filled with ACSF was placed in the CA1 pyramidal neuron apical dendritic field in stratum radiatum. fEPSP slopes were confirmed to be stable to within 10% for at least 10 min before commencing an experiment. Single shock evoked fEPSPs at an intensity that yielded fEPSPs with 40-50% of maximum slope were acquired every 30 s. LTP was induced by application of highfrequency theta burst stimulation (TBS) at the same stimulus intensity, and LTP measured as the ratio of mean slope 35-40 min post-TBS to the pre-TBS baseline mean slope in the 5 min immediately before application of TBS. TBS stimulation consisted of two stimulus trains 3 min apart and each train consisting of 10 stimulus epochs delivered at 5 Hz (200 ms apart), and each epoch consisting of five pulses at 100 Hz. Constant current was injected through an AMPI ISOflex isolator, triggered by Master-8 pulse generator. Signals were amplified with an A-M 1700 differential AC Amplifier (A-M Systems, Sequim, Washington, USA), and digitized by an A/D board (National Instruments, Austin, Texas, USA) controlled by Sciworks software (Datawave Technologies, Loveland, Colorado, USA).
Data analysis
Student's t-test was used to compare statistically significant differences between the magnitude of LTP in wildtype and SNAP-25Δ3 homozygous mice, using GraphPad Prism (GraphPad Software, San Diego, California, USA). The level of significance was pre-set to a P value less than 0.05.
Results
Hippocampal slices from 8-week-old male and female SNAP-25Δ3 homozygous mice both exhibited similar, significantly higher magnitude TBS-induced LTP at Schaffer collateral-CA1 synapses in stratum radiatum, compared to slices from same-sex wild type control mice (Fig. 1c , P < 0.0001; Student's t-test). Mean LTP in male wild type mice was 166 1.5% of pre-TBS baseline (N = 6 slices), in male SNAP-25Δ3 mice 212 6.4% of baseline (N = 8). Mean LTP in female wild type mice was 182 3.1% of pre-TBS baseline (N = 9), in female SNAP-25Δ3 mice 213 3.5% of baseline (N = 8). These data show that the deletion of the extreme C-terminal three amino acids of SNAP-25, which has previously been shown to impair binding of Gβγ to SNAP-25 and reduce Gβγ-mediated inhibition of presynaptic neurotransmitter release [10, 11] , persistently increased the magnitude of activity-dependent LTP at Schaffer collateral-CA1 synapses in the hippocampus.
Discussion
Gβγ subunits reduce neurotransmitter release by preventing the assembly of fusogenic SNARE machinery, an important activity-dependent negative regulatory interaction. Overactivation of glutamatergic excitatory synapses can be lethal to neuronal circuits, in conditions such as stroke and epileptic disorders [15] , and strict control between excitation/inhibition is required for normal functioning at central nervous system (CNS) synapses. The SNAP-25Δ3 gene-targeted mouse containing the G204* mutation in the extreme C-terminus of SNAP-25 [10] , exhibits reduced binding of Gβγ to SNAP-25, and defective presynaptic inhibition by 5-HT 1b serotonin and α 2a adrenergic receptors, both of which act via the Gβγ-SNARE pathway downstream of Ca 2 + entry. Homozygous SNAP-25Δ3 mice exhibit a variety of phenotypes, including increased stress-induced hyperthermia, defective spatial learning, and impairments in gait and nociception [10] .
This findings suggest that the Gβγ-SNAP-25 interaction regulates the balance between excitation and inhibition at central synapses, and that this influences the induction and/or expression of LTP of synaptic strength. This makes this Gβγ-SNARE pathway and its modulation of exocytosis downstream of Ca 2 + entry an attractive target to treat CNS disorders, such as epilepsy, associated with dysregulation of presynaptic neurotransmitter release. At the same time, persistent changes in synaptic strength are thought to play key roles in learning and memory formation, storage and retrieval in the brain [16] and presynaptic protein interactions between SNAP-25 and Gβγ can be a valuable treatment target in disorders of CNS associated with impairments in learning and memory. There is significant potential for complex regulation by this class of proteins, as there are 5 Gβ and 12 Gγ subunits, with the potential for specific roles for particular Gβ and Gγ subunits [17] . The high degree of similarity between the amino acid sequences of G-protein β subunits, suggests they may have significant functional overlap. In contrast, the 12 Gγ subunits have much lower sequence similarity, and thus greater potential for specificity.
We analyzed female and male SNAP-25Δ3 mice separately based on previous studies of SNAP-25 where sex differences were apparent using different experimental approaches [6, 7, 18, 19] . While levels of expression of total SNAP-25 do not differ between sexes, the switch from SNAP-25a to SNAP-25b is developmentally delayed in the hippocampal formation in females [7] . Sex dimorphism is also apparent in behavioral tests assessing spatial learning in SNAP-25 mutant mice lacking the SNAP-25b isoform, with females demonstrating more severe impairments than males [6] . Examination of SNAP-25 in pancreatic β-cells have shown that both wild type and SNAP-25a mutant mice show sex-dependent differences in both amount of insulin secreted after a challenge, glucose homeostasis and sensitivity to acquire metabolic syndrome after western diet intervention [18, 19] . Most important to this study, we previously found Comparison of the time course and magnitude of long-term potentiation (LTP) between wildtype (WT) and SNAP-25Δ3 gene-targeted mice at 8 weeks of age. (a) Time course of LTP in field CA1 of hippocampus elicited by theta burst stimulation (TBS, arrows) of Schaffer collateral axons (two stimulus trains 3 min apart, each train consisting of 10 stimulus bursts delivered at 5 Hz (200 ms apart), and each burst consisting of five pulses at 100 Hz). SNAP-25Δ3 male mice exhibited a significantly higher magnitude of LTP at 8 weeks of age compared to WT mice (**P < 0.0001, Student's t-test, WT; n = 6, SNAP-25Δ3; n = 8 slices from four mice in each group). (b) SNAP-25Δ3 female mice exhibited a significantly higher magnitude of LTP as well at 8 weeks of age (**P < 0.0001, Student's t-test, WT; n = 9, SNAP-25-Δ3; n = 8 slices from four mice in each group). (c) Mean SEM. normalized fEPSP slope 35-40 min post-TBS.
Disabling Gβγ-SNAP-25 interaction enhances LTP Irfan et al. 697 that SNAP-25a and SNAP-25b have different capabilities to interact with Gβγ subunits in the hippocampus [20] . Our current data, while suggesting that Gβγ binding to the three C-terminal amino acids of SNAP-25 are important regulators of LTP, found no sex differences in this regulation.
Our results from this study provide a direct association between the C-terminus of SNAP-25 and mechanisms necessary for the full expression of activity-dependent LTP at Schaffer collateral-CA1 synapses in the hippocampus, and likely at other CNS synapses. In-vitro studies have confirmed the C-terminus of SNAP-25 as a target for Gβγ subunits, which negatively modulate neuronal excitability by interacting (i) directly with presynaptic voltage-gated Ca 2 + channels to prevent Ca 2 + entry into the terminal [21] , and (ii) with postsynaptic GIRK channels [14] . The inhibitory role of Gβγ subunits is exerted downstream of ion channels and directly on the exocytotic SNARE machinery [22] . Direct evidence of Gβγ mediated reduction in glutamate release comes from studies of 5HT mediated blockade of glutamate release [23] . Gβγ interacts with the C-terminal region of SNAP-25 [9] and this interaction has been shown to inhibit Ca 2 + dependent exocytosis of hormones and neurotransmitters [8, 22] . Under normal circumstances, Ca 2 + entry into presynaptic terminals is sensed by synaptotagmin 1 [24] , which interacts with syntaxin 1A and SNAP-25 in a Ca 2 + -dependent manner to promote evoked release by demixing and disordering anionic phospholipids near the fusion pore [2] . The Gβγ subunit competes with Ca 2 + -bound synaptotagmin 1 for binding to an overlapping binding site in the C-terminal region of SNAP-25, inhibiting vesicle fusion and transmitter release. Gβγ subunits can interact with individual SNAREs, SNAP-25 and syntaxin 1A dimers, as well as the trimeric SNARE complex [25] , and have also been shown to directly affect catecholamine release from chromaffin cells [26] .
The postsynaptic involvement of the reduced interaction between SNAP-25 and Gβγ in the induction of LTP has not been evaluated in this study but could be a contributing factor. LTP at Schaffer collateral-CA1 synapses is NMDA-dependent and SNAP-25 is involved in the postsynaptic constitutive exocytosis of NMDA receptor, which results in its cell surface expression [13] . Thus, the negative interaction between Gβγ and SNAP-25 could potentially affect SNAP-25 dependent NMDA receptor expression and hence the induction of LTP from a postsynaptic locus as well.
Evidence suggests that Gβγ plays a critical role in multiple forms of presynaptic long-term plasticity. We have previously shown that Gβγ interaction with the C-terminus of SNAP-25 is critical for the induction of LTD at Schaffer collateral-CA1 synapses [27] . This study found that cleaving the C-terminus of SNAP-25 with type A botulinum toxin, or presynaptic infusion of two distinct, selective Gβγ binding peptides, blocked the induction of LTD. Interestingly, in this study the magnitude of LTP was not affected by scavenging Gβγ or removing the C-terminus of SNAP-25. These findings suggest that the elevated expression of LTP in SNAP-25Δ3 mice may represent an unmasking of LTP by concomitant suppression of LTD. Recent observation of impaired spatial learning in these SNAP-25Δ3 mice also suggests that the resulting imbalance of LTP and LTD is responsible for disruption of hippocampus-dependent spatial learning.
Conclusion
The SNAP-25Δ3 gene targeted mouse, which expresses a truncated C-terminus form of SNAP-25, (G204* mutation in the extreme C-terminus of SNAP-25 missing the three C-terminus amino acids), manifests an enhancement of the magnitude of LTP at hippocampal Schaffer collateral-CA1 synapses. Further research is needed to investigate the underlying mechanisms for this enhancement in LTP. We suggest that this up-regulation of LTP might be due to a suppression of concomitant LTD of presynaptic transmitter release, along with possible postsynaptic impairments in NMDA receptor trafficking and structural abnormalities necessary for synaptic maturation.
